Introduction
Over a decade ago scientists managed to control the movement of single electrons through devices with structures in the nanometer region. It was readily recognized that this so-called single electron tunneling (SET) effect could be the basis for a quantum standard of electrical current. Consequently, several major national metrology institutes (NMIs) have started research programs aiming at the realization of such a standard.
From a fundamental point of view, a quantum standard for current is of great importance, since the ampere is one of the seven SI base units. The SET current standard closes the so-called quantum triangle, relating voltage, current and frequency by quantum effects.
SET effects are visible in systems which contain a small metallic island, weakly coupled (e.g. through tunnel junctions) to an external circuit. When the island capacitance, C , is sufficiently small, the presence of an extra electron on the island can easily be detected. This effect is most clearly observable when the charging energy ezL2Cz is the dominant energy in the system: it should exceed the energy of the electrons associated with the applied voltage, eV, and their thermal energy, kT. In practice, this requires metallic sbuctures with characteristic dimensions of 4 0 0 nm operated at temperatures <SO mK.
By attaching a capacitive gate coupling to the island, the island charge can be manipulated. The most familiar SET structure is the single electron transistor, which has two tunnel junctions and one gate capacitance. Two more complicated devices, an electron pump and an electron counter, will be discussed below; they are the focus of the COUNT project.
SET current source: the R-DumQ
The electron pump has n junctions (n>2) and n-1 gates which are supplied with an AC signal of frequency When the amplitude and phase of the n-l signals is correct, I = e?f: For small n, the dominant error in this transport rate is due to so-called cotunneling, which is simultaneous tunneling of electrons through several islands. Co-tunneling can be reduced to acceptable levels by increasing n to 7 [I]. However, the resulting six AC control signals demand a complex tuning procedure to cancel cross-capacitances between islands.
An altemative technique to reducing co-tunneling in small n pumps has been developed at PTB [2] . Onship resistive Cr-microstrips of typically 50 liR are placed in series with the pump. These resistors cause more intensive (as compared to a device without resistors) energy dissipation of the tunneling electrons, which suppresses quantum mechanical higher order effects such as cotunneling. During the last few years, 3-, 4-and 5-junction versions of this so-called R-pump have been developed.
The first experiments on a 3-junction R-pump show that it is superior to those of its analog without on-chip resistors. In the pumping regime, the current steps on the I-V curve exhibit an evaluated differential resistance >50 GR for a sample of 400 M, which indicates a wide range of stable pump operation by the offset voltages. The accuracy of pumping was evaluated to be on the level of 100 ppm for I PA, probably defined by the rate of enhanced thermal activation. According to our estimations the rate of cotunneling should be suppressed below the level of I ppm for the 3-junction R-pump. Optimization of the parameters of the R-pump (capacitance of the tunnel junctions, resistance of Cr-microstrips) is necessary in order to further decrease the error rate.
When an R-pump is connected to a high stability capacitor suitable for low-temperature applications (so-called cryogenic capacitor) 131, it can be used to charge the capacitor with electrons one by one. Measuring the resulting voltage across the capacitor, and transferring the value of the capacitor to room temperature capacitors results in a quantum capacitance standard in terms of e. As part of the COUNT project, new types of stable, reproducible cryogenic capacitors have been developed. These capacitors incorporate mechanisms to enable them to be tuned precisely to a nominal value of 1 pF [4].
SET current meter: the RF-SET
A single electron counter consists of a long I-D array of islands and a SET transistor capacitively coupled to this array. When an electric current is forced through the array, electrons are transferred quasi-regularly, enabling the SET transistor to sense the passage of the individual electrons that make up the electric current. Contrary to the case of the electron pump, where individual electrons are actively forced to move, the electron counter will passively detect passing electrons.
The method of electron counting relies on a detector that is not only able to detect the minute charge variations when electrons pass, but also to do this at a high speed. Conventional SET based electrometers are limited by operation speeds of typically 1 kHz, corresponding to a maximum current of 0.1 fA. Recently a single electron transistor has been developed that can be operated at radio frequencies (RF-SET) [5]. In the COUNT project, the RF-SET is optimized and adapted for accurate current measurements. The aim is to reach an accuracy of IO ppm for currents up to a few PA.
In the RF-SET, the sensing SET transistor is integrated in a resonant circuit. By changing the gate voltage, the differential resistance, Rsm, of the transistor is influenced for some values the transistor is blocked (i.e. RsEr h 1 MR), while for others it is open (i.e. R s n = 50 kn). In the case of an electron counter, the gate voltage is modulated by passing electrons. The resulting rapidly changing resistance value Rsm can be observed by measuring the reflection of irradiated power. Apart from the frequency of the irradiated power, the reflected power shows two sidebands. These sidebands differ an amount, J in frequency compared to the carrier, indicating that it has detected a current I = exf:
Although the detector itself needs some optimization, the emphasis with respect to the development of the electron counter will be on adapting the RF-SET for current measurement operation. The RF-SET is a multi-purpose device that will not only be given its first application in metrology, it is also useful as a diagnostic tool for devices (sensors, logic or memory elements) that operate on the basis of single electron devices.
Summarv and conclusions
The European project COUNT aims for the realization of a quantum standard for electrical current. The focus is on the improvement of two complementary SET devices: an electron pump (R-pump) in order to generate currents, and an electron counter (RF-SET) in order to measure currents up to a few PA.
The project is well on its way now. The first measurements carried out at several laboratories of the COUNT consortium, both on R-pumps and on RF-SET devices, seem to be very promising. Optimization of device parameters and measurement techniques is necessary in order to reach the desired accuracy. More technical results and measurements will be presented and discussed at the conference.
